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 DOE DISCLAIMER 
 
This report was prepared as an account of work sponsored by an agency of the United 
States Government. Neither the United States Government, nor any agency thereof, nor any of 
their employees makes any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness, or usefulness of any information, apparatus, 
product, or process disclosed or represents that its use would not infringe privately owned rights. 
Reference herein to any specific commercial product, process, or service by trade name, 
trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the United 
States Government or any agency thereof. 
 
This report is available to the public from the National Technical Information Service, U.S. 
Department of Commerce, 5285 Port Royal Road, Springfield, VA 22161; phone orders 
accepted at (703) 487-4650. 
 
 
EERC DISCLAIMER 
 
This research report was prepared by the Energy & Environmental Research Center 
(EERC), an agency of the University of North Dakota, as an account of work sponsored by the 
United States Government. Because of the research nature of the work performed, neither the 
EERC nor any of its employees makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or usefulness of any information, 
apparatus, product, or process disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, process, or service by trade 
name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its 
endorsement or recommendation by the EERC. 
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ABSTRACT 
 
 Low-cost methods are needed to enhance various bioremediation technologies, from 
natural attenuation to heavily engineered remediation of subsurface hydrocarbon contamination. 
Many subsurface sites have insufficient quantities of nitrogen and phosphorus, resulting in poor 
bioactivity and increased remediation time and costs. The addition of conventional fertilizers can 
improve bioactivity, but often the nutrients dissolve quickly and migrate away from the 
contaminant zone before being utilized by the microbes. Through this project, conducted by the 
Energy & Environmental Research Center, polymers were developed that slowly release nitrogen 
and phosphorus into the subsurface. Conceptually, these polymers are designed to adhere to soil 
particles in the subsurface contamination zone where they slowly degrade and release nutrients 
over longer periods of time compared to conventional fertilizer applications. Tests conducted 
during this study indicate that some of the developed polymers have excellent potential to satisfy 
the microbial requirements for enhanced bioremediation. 
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EXECUTIVE SUMMARY 
 
The Energy & Environmental Research Center (EERC) has developed and tested several 
compounds that will provide a slow release of nutrients for the remediation of subsurface 
contaminants. Nutrients such as nitrogen (N) and phosphorus (P) are often limiting in the 
biological remediation, either engineered or natural attenuation, of subsurface contamination. 
When salts of N and P are injected into the groundwater, the flow of water will often move them 
out of the contamination zone more quickly than microbial uptake occurs. Therefore, a slow-
release form of nutrients is desired to provide a continuous supply of N and P to decrease the 
time required for remediation. Through this research, simple polymers containing an organic 
structure with an attached phosphate ester have been synthesized. The polymers are water-
soluble, but will stick to soil particles and hydrophobic contaminants in the subsurface near the 
point of injection. These polymers will then degrade, through biotic or abiotic means, releasing 
N and P for uptake within the zone of contamination. Compared to conventional subsurface 
nutrient additions, the polymers developed through this project were more effective in providing 
nutrients at a consistent rate that is more desirable for microbiological degradation of 
contaminants. The sorptive behavior and slow-release characteristics of the polymers make them 
ideal candidates for use as a less-invasive, low-cost approach to subsurface remediation. 
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INTRODUCTION 
 
The most common type of contamination in subsurface soils and groundwater is from 
petroleum hydrocarbons such as diesel and gasoline, and leaking underground storage tanks 
(LUSTs) are the most common source of these petroleum contaminants (EPA, 2003). According 
to the most recent U.S. Environmental Protection Agency (EPA) corrective action report, as of 
the fall of 2002 there were over 427,000 confirmed releases of petroleum hydrocarbons from 
underground storage tanks within the United States, over 150,000 of which remain to be 
remediated (EPA, 2003). Remediation approaches to these contaminants vary from extensively 
engineered methods to monitored natural attenuation. In many cases, some form of biological 
treatment is the most cost-effective approach. Typical biological treatment involves supplying 
oxygen to the contaminant zone, as this is generally the limiting factor that prevents rapid 
biodegradation (Alexander, 1994). However, in the biological treatment of contaminants, once 
oxygen has been supplied, up to three additional factors may limit bioactivity: mass transfer due 
to poor mixing; low temperatures, and the absence of nutrients. It is difficult to address the 
mixing and temperature limitations, but the nutrient limitations can be addressed. 
 
Nutrients are generally required in ratios matching that of their occurrence in cell biomass 
(Alexander, 1994). Table 1 shows the typical composition of a microbial cell for six major 
elements. The elements carbon, oxygen, and hydrogen come from water, organic substrates, and 
atmospheric components and, while sometimes limiting, are adequate in an aerated hydrocarbon 
spill scenario. Sulfur is usually abundant in soil; however, nitrogen and phosphorus are required 
in fairly large amounts and are generally not abundant in soils or groundwater (Roberts et al., 
1993). Therefore, in many cases, addition of nutrients, especially nitrogen and phosphorus, are 
desirable to enhance the microbial decomposition of contaminants. 
 
 One of the largest obstacles to the utilization of nutrients for enhanced microbial 
degradation is how to best supply the nutrients to the subsurface zones in which they are needed. 
Currently, the most common approach is to inject a common agricultural fertilizer  
(i.e., diammonium phosphate or ammonium nitrate) into the subsurface through groundwater 
wells located within the contaminant source zone. However, the nutrient uptake rates are slow, 
 
 
   Table 1. Typical Composition of a  
   Microbial Cell (Stanier et al., 1986) 
Element % Dry Weight 
Carbon 50 
Oxygen 20 
Nitrogen 14 
Hydrogen 8 
Phosphorus 3 
Sulfur 1 
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often resulting in the migration of the solution through the area of bioactivity before utilization. 
This can be overcome by repeated additions, but results in increased labor and amendment costs. 
An attractive, cost-effective alternative would be to add a nutrient formulation that sticks to soil 
particles to eliminate off-site migration and is slowly released over a period of time, ideally at a 
rate that equals microbial uptake. 
 
 Through this project, simple polymers containing an organic structure with an attached 
phosphate ester have been developed. These polymers are high-molecular-weight compounds 
that are derived from the combination of smaller molecules through chemical reactions and were 
developed to contain the desired nutrients appropriate for biological remediation applications. 
The polymers are water-soluble for ease of injection and distribution but will stick to soil 
particles and hydrophobic contaminants in the subsurface near the point of injection. Once in the 
subsurface, these polymers will degrade through biotic or abiotic means, release N and P for 
uptake within the zone of contamination and, ideally, result in an enhanced rate of 
bioremediation. 
 
A product with a similar concept, an oxygen releasing compound (ORC), has been 
developed and is commercially available by Regenesis Bioremediation Products of San 
Clemente, California. This product provides a slow-release source of oxygen available for 
microbes within subsurface contaminant zones and has been utilized at thousands of sites in the 
United States and the world. A goal of this project was to develop a similar nutrient-releasing 
compound (NRC) that could be used alone or in combination with ORC to address nutrient 
limitations at sites contaminated with petroleum hydrocarbons. 
 
 
OBJECTIVE 
 
The objective of this project was to develop and evaluate polymers for their ability to supply 
nitrogen and/or phosphorus in a steady and continuous manner to soil microbes, facilitating 
microbial growth and remediation of petroleum-related contaminants. The goals of this research 
were accomplished by completion of the following tasks: 
 
• Synthesis of water-soluble, readily biodegradable polymers containing nitrogen and 
phosphorus. 
• Evaluation of potential microbial inhibitory impacts from the polymers. 
• Assessment of polymer nutrient availability to microbes. 
• Determination of polymer sorptive behavior. 
• Demonstration of polymer suitability as a nutrient source in the biodegradation of 
petroleum contamination. 
• Assessment of potential field trial demonstrations with select polymers. 
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EXPERIMENTAL 
 
Polymer Synthesis 
 
Two general types of polymers containing phosphate were synthesized in this project:  
1) polymers with phosphate in the backbone copolymer chain (backbone phosphates) and  
2) polymers with phosphate groups attached to a chain composed of combinations of carbon, 
oxygen, and nitrogen atoms (appended phosphates).  
 
Nitrogen was also incorporated into some polymers, mainly in the backbone chain as 
peptide or urea functionality groups. Several polymers of each type were synthesized in this 
project, so that a variety of solubilities and biodegradabilities could be evaluated.  
 
Several different techniques were utilized to create a variety of polymers. The developed 
polymer abbreviations and their associated phosphorus content by weight percent are listed in 
Table 2. A commercially available compound, lecithin, was also included as a potential polymer. 
The polymers with the greatest potential as bioremediation accelerators were then selected for 
use in respirometric analyses. The selection was based on a variety of polymer characteristics 
such as, solubility in water, amount of available phosphorus, and relative cost of production. 
 
Polymer Purification 
 
 Purification of the polymers was necessary because, in most cases, phosphoric acid was 
used to add phosphate to the polymers, resulting in excess, unbound phosphate. Removal of the 
unbound phosphate is necessary to eliminate excess nutrient sources that could alter the  
 
 
 Table 2. Synthesized Polymers and Associated Phosphorus Content  
Polymer/Compound Phosphorus, wt% 
PPGDP 2.2 
PPGDP 2.6 
BDP 2.3 
PTGP 2.7 
PTUP 7.4 
PTUP-2 8.2 
PGG 2.3 
PGGP 7.1 
PEC 5.0 
PPA 5.7 
PEC-2 3.4 
PPA-2 4.2 
PVAP 4.4 
GCP 0.2 
GP 1.5 
PUP 4.5 
Lecithin 1.7 
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experimental results. To accomplish this, two approaches were implemented. For non-water-
soluble polymers, the solids were washed with distilled water. For water-soluble polymers, the 
polymer was dissolved in a small volume of water and dialyzed. Initially, dialysis tubing with a 
molecular weight cutoff (MWCO) of 12,000 was used and dialyzed against distilled water. Two 
unfortunate events resulted: 1) the molecular weight of most polymers was apparently less than 
12,000, resulting in a loss of the polymer to the dialysis water and 2) the osmotic effect of some 
polymers is high, resulting in a large influx of water to the dialysis bag followed by rupture and 
loss of the polymer. To remedy this, dialyzers with a MWCO of 500 (Spectra/Por Float-a-lyzer, 
Spectrum Labs, Rancho Dominguez, California) were used and dialyzed against polyethylene 
glycol 1000. Following dialysis, the polymer was dried at ca. 65°C, weighed, and total phosphate 
determined by persulfate digestion and colorimetry via the molybdate method. Once the 
purification process was complete, the polymers were ready for utilization in the biological 
uptake analyses. 
 
Respirometric Analysis 
 
 Respirometric analyses were used to determine the rate of polymer phosphorus availability 
to the microbes in soil. A total of thirteen of the seventeen developed polymers were selected for 
evaluation in the respirometric analyses. The selection was based on a variety of polymer 
characteristics such as solubility in water, amount of available phosphorus, and relative cost of 
production. A clean sand was selected as the test material because it contained little or no 
organic matter or nutrients. Hexadecane was selected as the test organic compound because it is 
representative of typical petroleum hydrocarbons, has low volatility, and can be obtained in pure 
form. Low volatility is important in this type of respirometry test as the headspace of the test 
chamber containing the sand, hexadecane, and polymer is swept with air twice a day and could 
result in significant losses of high-volatility hydrocarbons. 
 
The respirometry experiments were conducted using a Model CA-1 CO2 Analyzer 
developed by Sable Systems, Inc. The tests were conducted by adding 200 g dry weight of clean, 
fine-grained Oklahoma quartz sand to 500-mL test chambers. The Oklahoma quartz sand was 
selected for use to ensure that no natural sources of phosphorus were available for the microbes 
during the test. Each chamber was wetted to 60% of its moisture-holding capacity before 
hydrocarbon addition. Two chambers did not receive any amendments to determine the 
background level of carbon dioxide production. The remaining chambers were all dosed with 
hexadecane at 1000 mg/kg. All of these chambers except the controls were dosed with 
ammonium chloride so that nitrogen was not limiting. Pairs of the hexadecane-dosed sand were 
supplemented with no phosphate as a control, potassium phosphate as a positive control, and 
selected polymers. The ammonium chloride and the phosphate additives were added to achieve a 
carbon:nitrogen:phosphate ratio of 100:7:1. Finally, all chambers were inoculated with a suite of 
microbes that had been extracted from a natural soil. 
 
 Respirometric analysis was performed on the chambers by incubating them statically in the 
dark at room temperature. Every 12 hours, the headspace of each chamber was flushed with 
carbon dioxide-free air and analyzed for carbon dioxide, by infrared spectroscopy, and for 
oxygen, using a fuel cell analyzer. Drierite® was used to scrub the headspace gas of moisture 
prior to infrared analysis of carbon dioxide. After passing through the infrared analyzer, the 
 5 
headspace gas was scrubbed of carbon dioxide using a molecular sieve before oxygen analysis in 
the fuel cell. Computer integration then provided data on the production of carbon dioxide and 
the consumption of oxygen throughout the 30-day incubation period. 
 
Microbial Inhibition Analysis 
 
 A simple microbe growth analysis was performed on two selected polymers, PTUP and 
PTUP-2, to determine potential microbial toxicity effects. The test polymers were selected based 
on the steady rates of hexadecane biodegradation as indicated by the respirometry results. This 
analysis was performed by adding the polymer to a standard nutrient broth growth media within 
test tubes under aerobic conditions. The growth media was distributed to five sets of test tubes in 
triplicate (one control set and four polymer-amended sets) and was then autoclaved for complete 
sterilization. An inoculation of microbes from a known contaminated subsurface soil sample was 
added to each test tube, followed by addition of the selected polymers. One set of the test tubes 
did not receive any polymer amendment (control set), and the other four sets received the two 
polymer amendments at concentrations of 50% and 100%, respectively. The test tubes were 
allowed to incubate for a period of 5 days, after which they were visually inspected for microbial 
growth.  
 
Sorption Analysis 
 
 Sorption of the polymer is believed to be an important parameter for the appropriate and 
efficacious use of the polymer additives in the field. Sorption was tested with a representative 
polymer (PGG) by combining it with selected soils in an aqueous media and mixing for 1.5 
hours at room temperature. After incubation, an aliquot of the aqueous supernatant was removed 
and centrifuged at 12,000× g for 1 minute. The clarified supernatant was analyzed for total 
phosphorus by the persulfate digestion and molybdate colorimetric method. The absorbed 
phosphorus content was then calculated and plotted in relation to the amount of sediment in each 
container, creating an absorption isotherm from the resulting data. Two soils were used for these 
studies: the clean, pure Oklahoma quartz sand used in respirometric studies and a soil from New 
Mexico that has a moderate clay content of 26%. The Oklahoma sand was selected based on its 
predicted low absorption properties, and the New Mexico soil was selected because of an 
expected higher absorption capacity based on clay content. 
 
Polymer and ORC Batch Tests 
 
 A bench-scale analysis was performed to evaluate the remediation enhancement potential 
of two selected polymers (PTUP and PTUP-2). The tests were also performed in combination 
with a commercially available ORC, developed by Regenesis Bioremediation Products of San 
Clemente, California, to determine remediation enhancement potential. The polymers and the 
ORC were evaluated individually and in combination. The tests were completed by adding the 
EERC-developed polymer and/or ORC to a wide-mouth glass vessel containing 250 grams of 
sediment collected from a gasoline-contaminated site in Butte, Montana. The sediment was 
selected to represent a “real-world” contamination scenario. The sediment was then spiked with 
10 mg/kg of toluene to serve as the hydrocarbon source. Toluene was selected to represent a 
component of the contaminant complex BTEX (benzene, toluene, ethylbenzene, and xylene) that 
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commonly occurs at underground gasoline-contaminated sites. Groundwater, previously 
collected from the same site in Montana, was added to each sample to attain complete sediment 
saturation and to ensure proper mass transfer potential. The samples were kept under anaerobic 
conditions to ensure that the oxygen in the ORC was the primary electron acceptor for the 
microbes. The samples were allowed to incubate at 25°C for 60 days and then submitted to a 
commercial analytical laboratory for analysis of toluene concentration. 
 
 
RESULTS AND DISCUSSION 
 
Respirometric Analysis 
 
 The respirometric analysis allows for quantification of cumulative carbon dioxide 
production or oxygen depletion over time, which is a function of the biodegradation rate 
occurring in each sample. Biodegradation patterns exhibited during respirometric analysis are 
bounded by two extremes, including 1) very rapid degradation with essentially no lag period and 
2) no biodegradation. Case 1 is undesirable as it indicates that nutrients are almost immediately 
bioavailable and were, therefore, released very rapidly. While this is not problematic in an 
enclosed vessel, if utilized in the field to treat groundwater or saturated sediment, the nutrients 
would likely dissolve quickly and migrate off-site before widespread microbial utilization. 
Alternatively, Case 2 suggests that nutrients are not being released at all. The ideal nutrient 
polymer will rest between the two cases. Because phosphorus was the limiting nutrient in these 
experiments, Case 1 is represented by the sample with a readily available phosphorus source 
(K2HPO4), commonly used in nutrient amendment remedial approaches, while Case 2 is 
represented by the negative control (no phosphorus). 
 
 Figure 1 shows an example of both Cases 1 and 2. The biodegradation of hexadecane with 
the addition of potassium phosphate exemplifies Case 1, and the blank represents Case 2. Two 
polymers, PEC-2 and PPA, performed poorly and are similar to the blank samples that exhibited 
very little CO2 production. The polymer PEC-2 exemplifies the in-between case, where 
phosphorus is slowly released. In fact, the data for PEC-2 suggest that the metabolism of 
hexadecane is very much controlled by the rate of phosphorus release.  
 
 Figure 2 shows the results of the respirometry experiment performed with four other 
phosphate polymers. The data show that the lecithin was the most quickly released, followed by 
PGG; much slower in release was BEP. Finally, GCP performed about equally to the blank, 
suggesting little or no phosphorus release. 
 
 Figure 3 shows the effect of phosphorus release on hexadecane biodegradation for three 
additional phosphorus polymers. In this experiment, a newly synthesized PTUP was tested. This 
polymer was synthesized in an attempt to add even more phosphate to the polymer. In this 
experiment, the PTUP performed the best at phosphorus release, followed by PPGDP and PVAP. 
 
 Figure 4 shows the respirometric data for the final three polymers tested. In this 
experiment, another polymer (PTUP-2), which was prepared utilizing a slightly different 
methodology than that of PTUP, performed the best. PTGP and PGGP did not perform as well as  
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Figure 1. Respirometry results for potassium phosphate and nutrient-releasing polymers. 
 
 
 
 
 
Figure 2. Respirometry results for four nutrient-releasing polymers. 
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Figure 3. Respirometry results for three nutrient-releasing polymers. 
 
 
 
 
Figure 4. Respirometry results for three nutrient-releasing polymers. 
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the PTUP-2; however, these polymers demonstrate the slow-release properties that are desirable 
for nutrient release in the subsurface. 
 
 Overall, the respirometry experiments showed that there were essentially two classes of 
phosphorus polymers: those that released little or no phosphorus and those that released 
phosphorus at an intermediate level (i.e., between Cases 1 and 2, above). PTUP and PTUP-2 
were selected as the best polymers for further evaluation, based on their rate and amount of 
phosphorus release. Lecithin performed well, however, due to its cost, it was not considered 
economically feasible for large-scale applications, and therefore no further evaluations were 
conducted. The polymers (PGG, PTGP, and PGGP) are also potential candidates as they are 
synthesized from an inexpensive food-grade gelatin that contains a relatively high amount of 
nitrogen (ca. 18%) and is readily biodegraded. 
 
Microbe Inhibition Analysis 
 
Two polymers, PTUP and PTUP-2, were selected and evaluated for potential microbial 
inhibition characteristics. As shown in Figure 5, no apparent difference in the growth media 
clarity could be visually detected between the control sample and the two samples with polymer 
additions. Each sample appears to have similar microbial growth throughout the test tube. 
Although this simple evaluation is qualitative in nature, it is sufficient to indicate that there was 
no microbial inhibition from the addition of the polymer compounds. 
 
 
 
 
Figure 5. Microbe inhibition test samples from left to right: control; PTUP; and PTUP-2. 
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Sorption Analysis 
 
One simple test of polymer sorption was performed using a representative polymer, PGG, 
on the Oklahoma sand (predicted to have low absorption) and the New Mexico soil (significant  
clay content). This test revealed that the sand did not absorb at all (data not shown), but that the 
New Mexico soil sorbed quite strongly, quickly, and in a simple linear fashion (Figure 6). The 
data suggest that for the desired soil/polymer sorption to occur, there must be sufficient clay 
content present in the sediments. 
 
Polymer and ORC Batch Tests 
 
 The two polymers selected for further evaluation, PTUP and PTUP-2, were used in batch 
microcosm evaluations to determine their hydrocarbon remediation enhancement potential alone 
and in combination with ORC. The results, as summarized in Table 3, indicate that the nutrient- 
releasing polymer additions resulted in total degradation of the toluene (detailed analytical 
reports are contained in Appendix A). However, the control sample, which had no ORC or 
nutrient amendments, also illustrated a similar reduction (99%) in toluene content. This may 
suggest that adequate nitrogen and phosphorus is naturally present in the soils utilized in this 
experiment. The soil used was selected to more accurately represent potential field site 
conditions; however, a more sterile soil (e.g., Oklahoma white sand) should have been used to 
reduce natural nitrogen and phosphorus interferences. 
 
 
 
 
Figure 6. Sorption of the polymer (PGG) to a New Mexico soil. 
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 Table 3. Results of Toluene Degradation Analysis 
Sample Description 
Initial Toluene 
Concentration, 
mg/kg 
Toluene Concentration 
(after 60-day incubation), 
mg/kg 
% 
Reduction 
Control (no amendments) 10 0.1 99 
ORC Only 10 5.8 42 
PTUP Polymer Only 10 ND 100 
PTUP-2 Polymer Only 10 ND 100 
PTUP Polymer + ORC 10 2.9 71 
PTUP-2 Polymer + ORC 10 6.4 36 
 
 
The samples that received ORC additions, alone and in combination with the nutrient-
releasing polymer, illustrated limited reduction of toluene. A discussion with a Regenesis staff 
member revealed that the ORC could cause an increase in the pH of the microcosm, which can 
then be inhibitory to microbial activity. However, this pH increase is typically not an issue in the 
field because of sufficient natural buffering capacity in groundwater and soils (Von Arb, 2005). 
 
Field-Trial Assessment 
 
A basic assessment of the potential for a field trial evaluation of an EERC-developed 
polymer was completed. The Montana Department of Environmental Quality (MDEQ) has 
expressed interest in cooperating on a field trial by providing an appropriate demonstration site 
with hydrocarbon-contaminated soils. The site is instrumented with an appropriate configuration 
of monitoring wells for  proper evaluation of the polymer remediation potential. A specific 
demonstration methodology (according to specific site characteristics) and an associated 
proposal will be prepared upon identification of a potential funding source. The most promising 
polymers, as determined by the results of this project, will be selected for use in the field trial. 
 
 
CONCLUSIONS 
 
Through this research, several nutrient-rich polymers have been developed and evaluated 
for enhanced bioremediation potential. Based on the project results, five of the polymers, PTUP, 
PTUP-2, PGG, PTGP, and PGGP, have revealed the potential to be an adequate slow-release 
source of nutrients for enhanced bioremediation of petroleum hydrocarbons. The results also 
indicate that the polymer chemical structures possess sorptive characteristics that are desirable 
for source zone distribution and for resistance to off-site migration, therefore, providing a long-
term source of nutrients for microbial utilization. 
 
 This research involved developing and modifying a variety of chemical reaction methods 
for creating the desired polymers. These chemical reactions, although safely manageable at the 
bench-scale level, may provide a unique challenge at the larger, mass-production scale, due to 
the excessive heat of reaction. However, it is believed that these same chemical reactions can be 
safely conducted on a larger scale with the addition of a heat transfer agent. 
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The next step in this research will be to evaluate the polymers at the field scale to evaluate 
their bioaccelerating potential in real-world subsurface contamination sites. In order to assess 
this potential, sufficient amounts (approximately 100 pounds) of polymer will be needed. As 
such, the EERC research team will develop an appropriate methodology to mass-produce these 
polymers in a safe and effective manner and identify the issues crucial to the commercialization 
potential of the product. 
 
The overall goal of the field trial demonstration will be to evaluate the microbiological 
enhancement potential of the developed polymers. A secondary objective of the demonstration 
may be to evaluate the effectiveness of the combined use of the nutrient-releasing polymer and 
the already commercially available ORC developed by Regenesis. 
 
 
ACKNOWLEDGMENTS 
 
 We would like to acknowledge the late John Gallagher, an EERC Microbiologist and 
friend, for his contributions to this project. Prior to his passing in December 2004, John designed 
the experimental testing procedures for the microbiological components of the project and 
provided technical guidance for achieving the project objectives. John’s unique insight and 
enthusiasm for this and other projects will be dearly missed. 
 
 
REFERENCES 
 
Alexander, M., 1994, Biodegradation and bioremediation: New York, Academic Press. 
 
EPA, 2003, EPA Website, Report on the Environment, 
(www.epa.gov/indicate/roe/html/roeAppB.htm.), accessed May 28, 2006. 
 
Roberts, D.J., Haake, R.H., Funk, S.B., Crawford, D.L., and Crawford, R.L., 1993, Field-scale 
anaerobic bioremediation of Dinoseb-contaminated soils, In Levin, M.A., and Gealt, M.A., 
eds., Biotreatment of industrial and hazardous waste: New York, McGraw-Hill Inc.,  
p. 219–244. 
 
Stanier, R.Y., Ingraham, J.L., Wheelis, M.L., and Painter, P.R., 1986, The microbial world,  
5th ed.: Englewood Cliffs, New Jersey, Prentice-Hall. 
 
Von Arb, M., Research Engineer, Regenesis Bioremediation Products, Personal communication, 
San Clemente, California, March 2005. 
  
APPENDIX A 
 
ANALYTICAL REPORTS 
 
















